Abstract. Several peptides, such as epidermal growth factor (EGF), heregulin (HRG) and transforming growth factor alpha (TGFα), are ligands for EGFR family. Heregulin beta 1 (HRG-ß1) binds to ErbB-3 and -4 and plays important roles in the proliferation and tumorigenesis of breast cancer cells. We investigated proteins through which HRG treatment affects matrix metalloproteinase (MMP)-9 activity. Breast cancer cell lines, including SK-Br3, MCF-7 and MDA-MB-231, were treated with HRG-ß1. After 24 h, the activity and expression levels of MMP-9 were increased, but MMP-2 activity was not changed. The increasing rates of MMP-9 activity and expression were most prominent in the SK-Br3 cell line. Upon treatment of SK-Br3 cells with HRG-ß1, phosphorylation of Akt was increased showing a peak at 30 min after treatment, and the level decreased after 6 h. The expression levels of Akt were not changed upon HRG-ß1 treatment. Phosphorylation of extracellular signal-regulated kinase 1/2 (ERK-1/2), downstream molecules of Akt, was also increased by HRG-ß1 treatment. Pretreatment of LY294002, PI3K inhibitor, or PD98059, MAPK inhibitor, partially blocked the heregulin-induced MMP-9 activity. Furthermore, MMP-9 was found to be secreted in human breast cancer tissues. The present results suggest that Akt and MAPK mediate HRG-ß1 signaling to MMP-9.
Introduction
Invasion and metastasis are important factors for choice of primary therapy and patient's outcome. In the invasive and metastatic processes, transformed cells from in situ carcinoma should penetrate basement membrane and surrounding extracellular matrix (ECM). Protease derived from cancer cells can be involved in tumorigenesis, tumor growth and vascularization in addition to degradation of ECM: degradation of basement membrane results in the loss of physical barrier against malignant cells, and degradation of ECM provides malignant cells with pathways to new habitat. Degradation of basement membrane and stromal connective tissue components are very important steps in metastasis, and the molecules involved in these processes can be candidates as new prognostic markers in malignant diseases. Human matrix metalloproteinase (MMP) family consists of more than 20 members of homologous zinc-dependent endopeptidases and is capable of degrading ECM and basement membrane. They are divided into gelatinase, also known as type IV collagenase, stromelysins, matrilysins and membrane MMPs (1) . MMP-9 and MMP-2 are classified as gelatinase. Upregulation of MMP-2 in colorectal carcinoma tissue and MMP-9 in colorectal adenoma have been reported (2, 3) . In oral cancer, MMP-9 and MMP-2 have been suggested as a useful marker for identification of metastatic phenotype (4) . MMP-9 expression has been shown to be mediated through activation of the MAPK and PI3K/Akt signaling pathways in an oral tongue squamous cell carcinoma-derived cell line (5) .
Breast cancer is one of the most common cancers in women. In mammary carcinomas, overexpression of the ErbB-2 protein has been reported in one-third of invasive breast carcinoma cases and is associated with poor survival, metastatic potential, and resistance to specific chemotherapeutic treatments and hormone therapy (6, 7) . ErbB-2 is generally considered an orphan receptor, since no receptor specific ligand has yet been identified (8) . Ligand-independent homodimerization of ErbB-2 or ligand-dependent heterodimerization of ErbB-2 with ErbB-3 activates a downstream signaling pathway (9) . Heregulin beta 1 (HRG-ß1) is known as a ligand for ErbB-3, and it can activate a wide range of intracellular pathways imparting various biological responses, such as cellular proliferation, maturation, survival, apoptosis and angiogenesis (10) (11) (12) (13) .
In this study, we sought to clarify if heregulin can induce heterodimerization of ErbB-2/ErbB-3 receptors and activate gelatinase. We studied i) expression profiles of ErbB-2 and ErbB3 in breast cancer cell lines, ii) the activation of gelatinase by the ligand for ErbB3, such as HRG in the ErbB-2 and ErbB-3-expressing breast cancer cell line, and iii) analysed the downstream signaling pathways. Immuno-blot analysis. Immuno-blot analysis was performed as previously described (14) . Briefly, cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 25 μg/ml leupeptin, 25 μg/ml aprotinin). The supernatants were cleared by centrifugation. Protein concentrations were measured using the Coomassie plus protein assay reagent (Pierce Chemical Co., Rockford, IL). Protein lysates (40 μg/lane) were electrophoresed (Bio-Rad, Hercules, CA) on an 8% SDS polyacrylamide gel and transferred to nitrocellulose membranes. Membranes were blocked by incubation in 5% skim-milk for 1 h, washed 3 times, and probed with appropriate antibody. MMP-2, MMP-9 (Chemicon International, Temecula, CA), ErbB-2 (Upstate, Lake Placid, NY), ErbB-3 (NeoMarker, Fremont, CA), Akt, p-Akt, ERK-1/2 and p-ERK-1/2 (Cell Signaling Technology, Beverly, MA) were used. After overnight incubation, membranes were washed three times and incubated with secondary antibody solution for 1 h. The membrane was washed 3 times for 30 min and then washed once with TBS for 5 min. Protein detection and quantitation were carried out using ECL solution (Amersham, Arlington, IL) on X-ray film (Pierce, Rockford, IL).
Gelatin zymography. Activities of MMP-9 and MMP-2 were detected by gelatin zymography. Breast cancer cell lines, such as SK-Br3, MCF-7 and MDA-MB-231, were incubated with heregulin in serum-free and phenol red-free DMEM/F-12 media for appropriate time. Collected conditioned media were loaded onto an 8% polyacrylamide gel which had been impregnated with 0.1% gelatin (Sigma, St. Louis, MO).
Electrophoresis was performed at a constant voltage of 100 V. After electrophoresis, the gel was washed twice with 2.5% Triton X-100 for 30 min to remove SDS, and the gel was then incubated in a buffer, containing 50 mM Tris-Cl (pH 7.6), 200 mM NaCl and 5 mM CaCl 2 , for 48 h at 37˚C. The gel was stained with 0.5% Coomassie blue for 2 h and destained in solution containing 10% glacial acetic acid and 30% methanol. MMP-9 activity was detected as a clear zone in a dark blue field.
Immunohistochemstry (IHC).
For immunohistochemical studies, 5 cases from each group, which represented normal stroma, fibroadenoma, ductal carcinoma in situ and invasive ductal carcinoma, were selected from the files of the Department of Pathology. Immunohistochemical staining was performed using the standard streptavidin-biotinperoxidase complex method using automated staining system (Autostainer Plus, Dako, Denmark). Antigen retrieval was performed by microwave oven treatment for 15 min in 0.01 M citrate buffer (pH 6.0). Endogenous peroxidase in tissue sections was blocked using 3% hydrogen peroxide for 20 min. Slides were then incubated with appropriately diluted primary antibodies (Monoclonal anti-human MMP-9 antibody, 1:100, Chemicon international, Temecula, CA). After washing with TBS, tissue sections were incubated with biotinylated secondary antibody and then with diaminobenzidine (DAB) substrate, as provided in a Dako Envision kit (Dako). Nuclei were counter-stained with hematoxylin. Slides were then dehydrated, mounted, and examined.
Results

Expression levels of ErbB-2, -3 and MMP-9 in breast cancer
cell lines. First, we examined the expression levels of receptors involved in erbB-2 downstream signaling pathway, such as erbB-2 and -3 and MMP-2 and MMP-9 secreted in cancer cell lines by immuno-blot analysis. As shown in Fig. 1 , cancer cells expressed both erbB-2 and -3. ErbB-2 protein was highly expressed in SK-Br3, whereas the expression was low in MCF-7 and MDA-MB-231 cells (Fig. 1A) . ErbB-3 levels were relatively low in SK-Br3 cells compared to MCF-7 and MDA-MB-231 cells (Fig. 1A) . Phosphorylation levels of Akt in SK-Br3 cells were higher than other cell lines (data not shown). Secretion of MMP-9 and MMP-2 was confirmed in all three breast cancer cell lines (Fig. 1B) .
Upregulation of MMP-9 upon heregulin treatment. The ErbB-2/ErbB-3 complex is believed to be the most biologically active EGFR family hetero-dimer (15, 16) . Secretion levels of MMP-9 and MMP-2 upon heregulin (HRG, R&D Systems) treatment were examined in breast cancer cell lines by gelatin zymography (Fig. 2A) . Heregulin treatment did not upregulate MMP-2 in all three cell lines. However, the expression level of MMP-9 was prominently increased in SK-Br3 cells upon heregulin treatment, whereas heregulin did not upregulate MMP-9 expression in MDA-MB-231 and MCF-7 cells. Upregulation of MMP-9 in SK-Br3 cell lines upon heregulin treatment was confirmed by Western blot analysis (Fig. 2B) .
Activation of Akt and MAPK in breast cancer cell lines upon heregulin treatment.
Activities of Akt and MAPK in breast cancer cell lines upon heregulin treatment were examined by Western blot analysis. Thus, serum-starved SK-Br3 cells were treated with 25 ng/ml of HRG. As shown in Fig. 3 , although protein levels of Akt were not changed, phosphorylation of Akt was prominently increased. Activity of MAPK was increased in both SK-Br3 and MCF-7 cells, however, MAPK level was too low in MDA-MB-231 compared to other cell lines, therefore it was difficult to detect p-MAPK.
Activation levels of Akt, MAPK and MMP-9 in SK-Br3 cells upon heregulin treatment.
Serum-starved SK-Br3 cells were treated with 25 ng/ml of HRG. Fig. 4 shows rapid response of Akt and MAPK to HRG treatment: Akt was activated within 5 min and showed peak at 30 min after heregulin treatment. After 6 h, the level decreased slowly. In MCF-7 cells, Akt phosphorylation showed the highest level in 30 min after treatment and the level was decreased to 20% at 6 h compared to the peak (data not shown). In MDA-MB-231 cells, however Akt phosphorylation was hardly increased (data not shown). The expression levels of Akt were not changed in all three cell lines upon HRG treatment. Phosphorylation of extracellular signal-regulated kinase 1/2 (ERK-1/2), down-stream molecules of Akt, was also increased by HRG treatment, but its duration was shorter than Akt.
Pretreatment with LY294002, PI3K inhibitor, or PD98059, MAPK inhibitor, partially blocked the MMP-9 activity.
To examine whether PI3K and MAPK mediate the secretion of MMP-9 upon heregulin treatment, specific inhibitors were used to determine their effects on gelatinase activity. Thus, SK-Br3 cells were pre-incubated with 10 μM LY294002 (PI3K inhibitor; Calbiochem) or 20 μM PD98059 (Calbiochem) for 1 h prior to the HRG-ß1 treatment. PD98059 blocked the activation of MAPK and LY294002 blocked phosphorylation of Akt. Under this condition, MMP-9 expression was significantly inhibited as confirmed by gelatin zymography and immuno-blot against MMP-9 antibody (Fig. 5) .
Immunohistochemical detection of MMP-9 in normal breast tissue, ductal carcinoma in situ and invasive ductal carcinoma.
Tumor cells showed extensive and strong MMP-9 expression patterns. Cells in surrounding invasive stroma, such as inflammatory cells and fibroblasts, also expressed MMP-9.
The intensity of MMP-9 expression in normal ductal epithelial cells was weaker than in cancer cells, and no expression of MMP-9 was detected in stroma of normal or ductal carcinoma in situ (Fig. 6 ).
Discussion
In this study, we demonstrated that heregulin-induced upregulation of MMP-9 secretion was mediated by the PI3K/Akt pathway. SK-Br3 cell showed characteristics similar to Her-2 type breast cancer cells overexpressing ErbB-2, but not estrogen receptor (ER) and ErbB-3 proteins are expressed in SK-Br3 cells, but ErbB-4 proteins are not (17) . As seen in Fig. 1A , ErbB-2 levels were high in SK-Br3 cells and heregulin treatment induces ErbB-2 activation through ErbB-3 or ErbB-4. All three cell lines used in this experiment did not express ErbB-4 (17, 18) . Especially in breast cancer, heregulin induced heterodimerization between Figure 5 . Effects of LY294002 and PD98059 on MMP-9 secretion in SK-Br3 cells. SK-Br3 cells were incubated under serum-free and phenol red-free condition. After 24 h, cells were washed twice with PBS and then pre-treated with LY294002 or PD98059 prior to HRG-ß1 treatment. After further incubation for 24 h, media were harvested for gelatin zymography and Western blot analysis, and the cell pellet for Western blot analysis. Figure 6 . Levels of MMP-9 secretion in cancer cells. Normal breast tissue, ductal carcinoma in situ (DCIS) and invasive ductal carcinoma (invasive) tissues were used for immunohistochemistry against MMP-9 antibody (x200).
ErbB-2 and -3 and this heterodimerization plays an important role in signaling heregulin-mediated Akt activation (18, 19) . In addition, Kim et al reported that heregulin stimulates the heterodimerization between ErbB-2 and ErbB-3 in mammary tumor-derived breast cancer cells (20) . Secretion levels of MMP-9 and MMP-2 in breast cancer cells used in this study were not significantly different from each other (Fig. 1B) . Upon heregulin treatment, activities and secretion levels of MMP-9 were upregulated only in SK-Br3 cells (Fig. 2) . Therefore, these results suggest that heregulin induced the MMP-9 activation through ErbB-2/ErbB-3 heterodimerization in SK-Br3 cells. Hyperactivation of PI3K/Akt pathway plays an important role in tumor progression. The serine/threonine protein kinase Akt is downstream of many growth factor signaling cascades, and the activation of Akt pathway has been suggested as a major event in the survival and function of breast cancer cells. In the present study, to elucidate whether heregulin treatment induces activation of Akt in breast cancer cells, we examined the Akt phosphorylation levels after 24 h of heregulin treatment. In SK-Br3 cells, the level of p-Akt was increased the highest compared to those of MCF-7 and MDA-MB-231 cells (Fig. 3) , and the level in SK-Br3 cells peaked at 30 min after heregulin treatment and decreased after 6 h (Fig. 4) .
Concomitantly, phosphorylation of ERK-1/2 MAPK was also increased in SK-Br3 cells. ERK-1/2 MAPK has been detected in many primary human breast cancer (21) (22) (23) . ERK-1/2 responds to various kinds of mitogens and growth factors to initiate changes in proliferation, differentiation and cell death, and is the most important member of the MAPK family, especially in breast cancer. In SK-Br3 cells, phosphorylation levels of ERK-1/2 were elevated immediately after heregulin treatment and peaked at 30 min, however the protein levels were not changed (Fig. 4) . After 24 h, secreted MMP-9 levels were detectable for Western blot analysis. In MCF-7 cells and MDA-MB-231 cells, however, phosphorylation of ERK-1/2 was also increased, but it peaked at different time-points (data not shown). Furthermore, although Akt or ERK-1/2 was activated by heregulin, MMP-9 levels were not changed in MCF-7 and MDA-MB-231 (Fig. 1) . Therefore, these results suggest that heregulin could induce the expression of MMP-9 via Akt or ERK-1/2 only in SK-Br3 cells.
MMP-9 is a gelatinase and its association in invasion, metastasis and angiogenesis has been suggested (24) (25) (26) . However, the pathway through which heregulin induces the MMP-9 activation in breast cancer has not been identified. To validate whether the Akt or MAPK is the mediator of the pathway, we treated the SK-Br3 cells with the inhibitor of Akt or MAPK prior to heregulin treatment. LY294002, PI3K inhibitor, blocked the Akt phosphorylation as expected and MMP-9 expression was also decreased (Fig. 5) . Efficacy of PD98059 was confirmed by decreased levels of p-MAPK, and MMP-9 expression levels were also inhibited under this condition (Fig. 5) . These results indicate that the heregulininduced expression of MMP-9 was mediated by Akt and ERK-1/2 MAPK. Although LY294002 and PD98059 inhibited heregulin-induced MMP-9 secretion, individually they could not completely block the signal. This might be due to the diversity of signal pathway related to Akt or ERK-1/2.
Matrix metalloproteinase is essential for tumor invasion and metastasis. In vitro, MMP-9 is detected mostly in the supernatant of tumor cells, and most of previous studies have focused on cancer cells and neglected the expression of MMP-9 in the tumor stroma (24, 27, 28) . The number of cases in the present study was limited, therefore, we could not draw statistical conclusions, nevertheless, immunohistochemistry revealed that MMP-9 was expressed not only in tumor cells but also in fibrous stroma, inflammatory cells, fibroblast and endothelial cells. These findings suggest that cancer cells themselves as well as interaction between cancer cells and stroma are very important in tumor progression. Further studies using clinical cases with paraffin tissue, clinical data and follow-up data are needed to clearly define the role of MMP-9 in progression of breast carcinoma and relationship between MMP-9 and Akt activation.
